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ABSTRACT 
 
 
 
 
Macrocyclic ligand-complexed transition metal-oxo intermediates are the active 
oxidizing species in a variety of important biological and catalytic oxidation reactions. 
Many transition metal catalysts have been designed to mimic the predominant oxidation 
catalysts in nature, namely the cytochrome P450 enzymes. Metal porphyrin complexes 
have been the center of research as catalysts in this context. This study focuses on the 
synthesis of porphyrin and corrole macrocyclic ligands and the corresponding ruthenium 
and iron complexes which are fully characterized by UV-vis and NMR spectroscopies.  
The catalytic oxidation reactions towards organic sulfides by these metal 
complexes were also studied. Two ruthenium porphyrin complexes were examined to be 
suitable catalysts in sulfoxidation reactions with soluble oxygen source under mild 
conditions. Iodobenzene diacetate [PhI(OAc)2] was found to be an excellent oxygen 
source with the ruthenium porphyrin complexes toward sulfur oxidations and excellent 
reactivity and selectivity are observed. Over 95% conversion is reached within 12 hrs for 
both systems without over-oxidation. 
The kinetics of two-electron oxidations of para-substituted thioanisoles by 
ruthenium(II) carbonyl porphyrin complexes in the presence of iodobenzene diacetate 
were studied. Based on the results of a series of competition studies of catalytic oxidation  
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reactions, in the absence of organic sulfide, the oxidation of ruthenium(II) porphyrin with 
excess of PhI(OAc)2 can generate the well-known trans-dioxoruthenium(VI) species. 
However, the competition studies indicates the trans-dioxoruthenium(VI) porphyrin 
complex is not likely the sole oxidant in the catalytic reactions. 
 
 
 
 
 
 
 
 
 
 
Keywords: Capstone Experience/Thesis, Cytochrome P450, ruthenium(II) carbonyl 
porphyrin, selective oxidation, organic sulfides, competition studies
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CHAPTER I 
 
 
INTRODUCTION 
 
 
1.1 General 
Catalytic oxidation is one of the most important technologies for the production of 
commodity chemicals, and the key to fundamental transformations in nature as well
1
. So 
far, most of the oxidation reactions are usually run in environmentally undesirable 
solvent, typically chlorinated hydrocarbons with relatively high-priced reagents that 
generate heavy-metal waste
2
. The development of new processes that employ transition 
metals as substrate-selective catalysts and a stoichiometric environmentally friendly 
oxygen source, such as molecular oxygen or hydrogen peroxide, is one of the most 
significant goals in oxidation chemistry
1
. Those oxygen sources are atom efficient and 
produce water as the only by-product, are becoming more important in fine chemical 
manufacturing
2
.  
This study is inspired by one of the heme-containing enzymes, cytochrome P450s 
(P450s). This family of enzymes play a variety of critical roles in biochemical reactions 
in both animals and human beings. Many members from the cytochrome P450 
superfamily are currently known, and the numbers continue to grow as more genomes are 
sequenced
3
. Indeed, more than 8100 distinct cytochrome P450 genomes are known to 
date; however, only few have been studied in detail. The cytochrome P450s have been 
found in a large variety of life forms, including bacteria, fungi, plants, insects, human 
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beings etc. Many of cytochrome P450s can be isolated in mammalian tissues, such as 
liver, kidney, lung, and intestine
4
. There are two main functional roles for cytochrome 
P450s in human body, one is the metabolism of drugs and xenobiotics (compounds 
exogenous to the organism) as a protective role of degradation in preparation for 
excretion, and the other is the biosynthesis of critical signalling molecules used for 
control of development and homeostasis
3
. The cytochrome P450s are in charge of the 
metabolism of drugs and xenobiotics, the synthesis of steroid hormones and fat-soluble 
vitamin metabolism, and the conversion of polyunsaturated fatty acids to biologically 
active molecules in mammalian tissues
4
. 
The important metabolic role together with the unique chemistry and physical 
properties has drawn attention of scientists in many fields
4
. Pharmacologists and 
toxicologists focuses on the relevance to human health. The role of metal centers and 
their associated unique spectral properties in the cytochrome P450s attracts bioinorganic 
chemists and biophysicists
5
. The difficult conversion of unactivated hydrocarbons to 
oxygenated products attracted the bioorganic chemists
5
.  A continuing challenge is to 
understand how the diverse set of substrate specificities and metabolic transformations 
are determined by the precise nature of the heme-iron oxygen species and protein 
structure
3. The structure and electronic configuration of the “active oxygen” 
intermediates which serve as efficient oxidants remains an area of active research
4
. The 
most common heme prosthetic group found in P450 enzymes is the iron protoporphyrin 
IX (heme b) complex
5
, which is reported as the active site of the P450 enzymes (Figure 
1)
6
. 
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Figure 1. Structure of iron protoporphyrin IX (Heme b) 
 
 
The name cytochrome P450 arises from the fact that the reduced protein 
efficiently binds carbon monoxide with a strong absorption band (the Soret π-π* band) at 
450 nm. The spectroscopic property has been very useful in the early studies on 
cytochrome P450 to monitor the presence of this enzyme in the microsomal fraction of 
liver tissues
7,8
.  
A soluble bacterial P450 monooxygenase (P450 CAM) system was discovered in 
Pseudomonas putida by Gunsalus and co-workers
5
. It was possible to purify this P450 
enzyme in large quantity because it is soluble. The enigma of cytochrome P450s structure 
was deciphered when Poulos et al. provided the first three-dimensional structure of the 
cytochrome P450cam (Figure 2) in 1986, which catalyzes the stereospecific hydroxylation 
of the exo C5-H bond of camphor (Scheme 1)
7
. 
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Figure 2. X-ray structure of cytochrome P450cam 
 
 
 
OO
H
OH
+ H2O
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Scheme 1. Stereospecific hydroxylation of the exo C-H bond at position 5 of camphor by 
cytochrome P450cam 
 
 
 
In this work, a series of metal porphyrin and metal corrole complexes are 
synthesized and characterized. The study focuses on the synthetic organic chemistry, 
spectroscopic characterization and mechanistic studies of catalytic sulfide oxidation (i.e. 
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sulfoxidation reactions) by metalloporphyrin complexes in the presence of iodobenzene 
diacetate as sacrificial oxygen source. 
 
1.2 Biomimetics Models of Cytochrome P450 Enzymes 
Nature selected iron porphyrins to mediate intrinsically difficult oxidations with 
dioxygen at the heme center of cytochrome P450 enzymes
9
. Scientists have focused on 
the effective catalytic systems for hydrocarbon oxidation based on metalloporphyrin 
catalysts with iron, manganese and ruthenium complexes in the past decades. A variety of 
cytochrome P450 models has been developed and applied to hydrocarbon oxidations with 
the aims of both developing useful catalysts and probing the mechanisms of these 
processes
10
. 
Many heme containing enzymes has high-valent oxo-metalloporphyrins as 
reactive intermediates in their catalytic cycles. Also, high-valent oxo metalloporphyrins 
are centers in the oxidation reactions mediated by synthetic metalloporphyrins
7,11
. In 
biomimetic catalytic oxidations, a transition metal catalyst is most commonly oxidized to 
a high-valent metal-oxo species by a sacrificial oxidant. The activated transition metal-
oxo intermediate then oxidizes a variety of organic substrates
12
. Studies using synthetic 
metalloporphyrins as models for cytochrome P450 have afforded important insights in 
order to biomimic the nature of the enzymatic processes
9,10
. The first high-valent iron-
oxo porphyrin complex has been isolated by Groves et al. by oxidation of Fe
III
(Cl)TMP 
with m-chloroperbenzoic acid at low temperature
7
. Iron(lV)-oxo porphyrin radical 
cations, known as Compound I species,  are observed intermediates in peroxidase and 
catalase enzymes
5
. Although not detected under turnover conditions, Compound I species 
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are also thought to be active oxidants in the cytochrome P450 enzymes (P450s)
13,14
. In 
this study, two Compound I analogues (Iron(IV)-oxo tetramesitylporphyrin radical cation 
chloride [O=Fe
IV
(Cl)TMP·
+
], iron(IV)-oxo tetramesitylporphyrin radical cation 
perchlorate [O=Fe
IV
(ClO4)TMP·
+
]) were successfully generated by oxidizing the 
corresponding iron(III) calts with a new oxygen source, iodobenzene diacetate, and 
spectroscopically characterized.  
In the past three decades, ruthenium porphyrins and related complexes have also 
been extensively studied as oxidation catalysts with the aim of probing the mechanisms 
of biological processes and developing enzyme-like catalysts due to the close periodic 
relationship to the biologically significant iron and the rich coordination and redox 
chemistry of ruthenium
3,12
. Ruthenium has the widest scope of oxidation states ranging 
from -2 to +8 in different ligand environments. Because ruthenium complexes have many 
valuable characteristics including high Lewis acidity, high electron transfer ability, low 
redox potentials and stability of reactive metal species, scientists have developed a large 
number of new and significant reactions by using both stoichiometric and catalytic 
amounts of ruthenium complexes
3,6
.  
Corroles, the one carbon short analogue of porphyrins, recently have developed 
into an independent area of research. Corroles and their metal complexes have been 
widely studied about their coordination chemistry, photophysics, synthesis, chemical 
transformations, electrochemistry and other properties
15
. Since porphyrins act as 
dianionic ligands while corroles act as trianionic ligands (supply a charge of -3) and the 
oxo ligand is counted as O
2-
, five-coordinate metal-oxo corroles (i.e. O=Fe
V
Cor) are 
neutral, whereas the corresponding porphyrin complexes are either positively charged or 
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charge-balanced by an additional anionic ligand (trans to the metal-oxygen to give a 
hexacoordinate complex)
16
. High-valent iron corrole complexes, tentatively identified as 
a corrole-iron(V)-oxo species by Harischandea and co-worker
5
, were generated from 
iron(III) corrole complexes by laser flash photolysis (LFP)- induced ligand cleavage 
reactions. Kinetics of the oxidation reactions of organic substrates (i.e. cyclohexene, 
cyclooctene, ethyl benzene) by corrole-iron(V)-oxo complexes were also studied. This 
research of high-valent metal-oxo corrole complexes is of great importance for better 
understanding the catalytic oxidations by porphyrin-iron complexes, and the biochemical 
reactions of cytochrome P450s in nature.  
 
1.3 Sulfoxidation Reactions and Competition Studies of Sulfoxidation Reactions 
The selective sulfide oxidation reaction is of significant importance in organic 
chemistry, both for fundamental research and for a wide range of applications
17
. Organic 
sulfoxidation reactions are valuable synthesis to study C-C bond formation, molecular 
rearrangements, and functional group transformations. The selective and catalytic 
oxidation of sulfur is a key reaction in organic synthesis. Thus, selective oxidation of 
organic sulfides is very important from both industrial and green chemistry points of 
view as organosulfur compounds are a major source of environmental pollution
18
. In 
addition, organic sulfoxides are always utilized as precursors for biologically active and 
chemically important compounds, and of great significance for synthetic intermediates 
for the production of a range of chemically and biologically active molecules including 
therapeutic agents such as antiulcer (proton pump inhibitors), antibacterial, antifungal, 
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anti-atherosclerotic, antihypertensive and cardiotonic agents as well as psychotropics and 
vasodilators
19
. 
The growing interests in synthetic methods for the selective oxidation of sulfides 
to sulfoxides have motivated research into new approaches of synthesis. The oxidation of 
sulfides is the most straightforward method for the synthesis of sulfoxides
20
. Even though 
a variety of reagents are available in sulfoxidation reactions, most of them are 
unsatisfactory either because they are harmful or too expensive, or a simple procedure is 
insufficient due to the over-oxidation of sulfoxides to sulfones
17
. Controlling the reaction 
conditions, including time, temperature and the relative amount of oxidants, can avoid 
forming over oxidation products; however, these requirements are often hard to meet. 
Therefore, there is still considerable attention in the development of selective oxidations 
methods for this transformation
21
.  
Since hydrogen peroxide works very well as an ideal oxidant, sulfoxidation 
catalyzed by metalloporphyrins complexes with sacrificial oxidants has received less 
attention. Recently, extensive studies on the epoxidation and hydroxylation of 
hydrocarbons by trans-dioxoruthenium(VI) porphyrins are well established in the 
literature
6
. The sulfoxidation reactions by the well-characterized trans-
dioxoruthenium(VI) porphyrin complexes are studied in our research group
3,12,22
. 
However, the utility of iodobenzene diacetate as sacrificial oxidant has not yet been 
studied in catalytic sulfoxidation reactions by ruthenium and iron porphyrin complexes.  
 One of the objectives of our studies is to identify the true oxidants formed during 
turnover conditions when sacrificial oxidants are employed with transition metal 
catalysts
12
. One way to evaluate if the same species was active in the two sets of 
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conditions is to compare the ratios of products formed under catalytic turnover conditions 
to the ratios of rate constants directly measured in the kinetic studies. If the same oxidant 
was present in both cases, the ratios of absolute rate constants from direct measurements 
and relative rate constants from the competition studies should be similar, even a 
coincident similarity for two different oxidants could not be excluded. However, if the 
ratios were not similar, the active oxidants under two sets of conditions must be 
different
7
. The competition studies of sulfoxidation reactions catalyzed by two 
ruthenium(II) carbonyl porphyrin complex systems with iodobenzene diacetate as oxygen 
source were carried out to analyze if the well-known trans-dioxoruthenium(VI) porphyrin 
complex is the active intermediate in the presence of a new oxygen source. 
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CHAPTER II 
 
 
SYNTHESIS AND CHARACTERIZATION 
 
 
2.1 5, 10, 15- Triphenylcorrole [H3TPC] (1a) 
 
The corrole free ligand was prepared according to the method described by 
Koszarna and Gryko
15
, as shown in Scheme 2. 1mL of pyrrole was distilled before 
reaction was set up. 697 µL (10 mmol) of distilled pyrrole and 509 µL (5 mmol) of 
benzealdehyde were dissolved in 200 mL of methanol in a round-bottom flask. 200 mL 
distilled water was added into the flask. After the reaction was purged with argon, 
concentrated HCl (36%, 4.25 mL) was added into the reaction mixture dropwise as the 
acid catalyst. The reaction was stirred at room temperature for 3 hr. UV-vis was used to 
monitor the process of the reaction. The reaction mixture was extracted with CHCl3. The 
organic layer was washed with deionized water for three times to eliminate the residual 
hydrochloric acid. The mixture was diluted to 300 mL with CHCl3. The flask was fitted 
with a reflux condenser. p-Chloranil (1.23 g, 5 mmol) was added, and the mixture was 
gently refluxed for 1 hr. UV-vis was used to monitor the reaction throughout this process. 
Further purification was performed on a wet column (Silica gel) with CH2Cl2 as eluent. 
Collected fractions were distilled and evaporated separately. The desired product was 
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characterized by UV-vis (Figure 3)
 
and 
1
H-NMR (Figure 4), matching the literature 
reported
15
.  
[H3TPC] Yield =18.3%. 
1
H-NMR (500 MHz, CDCl3): δ, ppm: -2.88 (s, 3H, NH), 7.73-
7.85 (m, 9H), 8.17 (d, 2H), 8.37 (d, 4H), 8.56 (d, 2H), 8.60 (d, 2H), 8.88 (d, 2H), 8.97 (d, 
2H). UV-vis (CH2Cl2) λmax/nm: 415 (Soret), 567, 615, 648 (Q-band).  
 
NH
N HN
HN
H O
N
H
+
1)HCl(aq)
MeOH
H2O
2)p-Chloranil
reflux, 1hr
H3TPC, 1a
 
 
 
Scheme 2. Synthesis of H3TPC(1a) 
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Fig. 3 The UV-vis spectrum of H3TPC(1a) in CH2Cl2 
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Fig. 4 The 
1
H-NMR of H3TPC(1a) in CDCl3 
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2.2  Iron(III) Triphenylcorrole [Fe
III
TPC](2a) 
 
The metal insertion of iron into macrocyclic ligands is carried out by treating 
FeCl2 salt with corrole in an inert solvent to yield the corresponding iron(III) corrole 
complexes according to literature methods
23
. High boiling point solvents such as DMF 
and 1,2,4-trichlorobenzene are often used in these cases. We found that the removal of 
DMF was critical to obtain the pure iron complexes. Due to its high solubility in water, 
DMF was removed by washing the crude product with relatively large amount of 
deionized water (500 mL).  
The iron corrole complex is synthesized as shown in Scheme 3. A two-neck round 
bottom flask fitted with reflux condenser was set up. 100 mg of H3TPC was dissolved in 
30 mL of N, N-Dimethylformamide (DMF) in the flask. The solution was purged with 
Argon. 500 mg of Fe
II
Cl2 was added to the solution. The reaction was gently refluxed for 
1 hr. UV-vis spectroscopy was used to monitor the process. Reaction mixture was cooled 
to room temperature before 50 mL DI water was added to the system to precipitate the 
product. The precipitate was filtered out by vacuum filtration, and washed with 500 mL 
DI water until the filtrate was clear. Solid product was collected and dissolved with 
diethyl ether. The organic solution was dried with Na2SO4. Further purification was 
performed by column chromatography (wet column, silica gel) with diethyl ether as 
eluent. The fractions were collected and evaporated. Desired product was characterized 
by UV-vis (Figure 5) and 
1
H-NMR (Figure 6), consistent with the pattern of 
paramagnetic compound. 
[Fe
III
TPC] Yield = 40.9%. UV-vis(CH2Cl2): λ/nm: 358, 406, 636. 
1
H-NMR (500 MHz, 
CDCl3): δ, ppm: -42 ppm.  
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Scheme 3. Synthesis of Fe
III
TPC(2a) 
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Figure. 5 The UV-vis spectrum of Fe
III
TPC(OEt2)2(2a) in CH2Cl2 
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Figure. 6 The 
1
H-NMR spectrum of Fe
III
TPC(OEt2)2(2a) in CDCl3 
 
2.3 5, 10, 15-tris(4-nitrophenyl)corrole [H3TNPC](1b) 
 
According to Paolesse and his co-workers’ method24, as shown in Scheme 4, 5 
mL of pyrrole was distilled before reaction. A 500 mL round bottom flask fitted with 
reflux condenser was set up. 3.05 g of 4-nitrobenzaldehyde (20.2 mmol) and 4.2 mL of 
pyrrole (60.5 mmol) were added to the flask. 250 mL of glacier acetic acid was added to 
the flask, and the reaction mixture was mildly refluxed with stirrer for 3 hrs. 250 mL of 
distilled water was added to the system after it was cooled to room temperature. 1L 
saturated NaCl solution was added into the solution to precipitate the corrole. The 
precipitate was filtered on a Butcher’s funnel, and throughtly washed by saturated NaCl 
solution until the filtrate was clear.  
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Further purification was performed on a short column (silica gel) with CH2Cl2 as 
eluent. The organic solution that contains the crude product was dried before loading onto 
the column. The fractions were collected and evaporated to dryness. Reaction was 
monitored by UV-vis spectroscopy.  Desired product was characterized by UV-vis 
(Figure 7) and 
1
H-NMR (Figure 8) matching literature reported
24
. 
[H3TNPC] Yield = 6.3%. 
1
H-NMR (500 MHz, CDCl3) δ: -2.88(s, 3H), 8.42 (t, 3H), 8.52 
(d, 4H), 8.57 (d, 2H), 8.65 (m, 2H), 8.74 (d, 4H), 8.81 (s, 1H), 8.90 (d, 2H), 9.12 (d, 
2H)UV-vis(CHCl2) λmax/nm: 425 (Soret), 594.  
 
NH
N HN
HN
NO2
O2N NO2N
H
+
Acetic Acid
reflux 3hr
4-TNPC, 1b
CHO
NO2
 
 
 
Scheme 4. Synthesis of H3TNPC(1b) 
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Figure. 7 The UV-vis Spectrum of H3TNPC(1b) in CH2Cl2 
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Figure. 8 The 500MHz 
1
H-NMR spectrum of H3TNPC(1b) in CDCl3 
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2.4 Iron(III) Tris(4-Nitrophenyl)corrole [Fe
III
TNPC] (2b) 
 
Similar to that described for the generation of Fe
III
TPC(2a), the electron-deficient 
Fe
III
TNPC(2b) was also prepared as shown in Scheme 5. DMF is used in the synthesis as 
solvent to provide a high temperature due to the more electron-withdrawing substitute 
groups that the corrole contains. A better yield was generated from TNPC(1b) compared 
to the non-substituted triphenylcorrole. The desired product Fe
III
TNPC(2b) was fully 
characterized by UV-vis (Figure 9) and 
1
H-NMR (Figure 10), consistent with the pattern 
of paramagnetic compounds.   
[Fe
III
TNPC] Yield= 70.9%. 
1
H-NMR (500MHz, CDCl3): δ, ppm: -38.46, 23.4, 22.5, 21.4. 
UV-vis(CH2Cl2) λmax/nm: 362, 416, 579. 
HN
NH HN
N
NO2
NO2O2N
N
N N
N
NO2
NO2O2N Fe
III
+ FeCl2
reflux
DMF, 1hr
TNPC, 1b Fe
IIITNPC, 2b
 
Scheme 5. Synthesis of Fe
III
TNPC(2b) 
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Figure. 9 The UV-vis spectrum of Fe
III
TNPC(2b) in CH2Cl2  
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Figure. 10 The 
1
H-NMR spectrum of Fe
III
TNPC(2b) in CDCl3 
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2.5 5,10,15,20-Tetra(2,4,6-mesitylphenyl)porphyrin[H2TMP] (1c) 
 
The free porphyrin ligand was prepared based on the well-known method 
described by Lindsey and co-worker
25
, as shown in Scheme 6. A round bottom flask 
fitted with reflux condenser was set up. 347 µL of fresh distilled pyrrole (5 mmol) and 
736 µL of mesitaldehyde (5 mmol) were dissolved in 500 mL chloroform. 3.47 mL ethyl 
alcohol (0.5% v/v) was added as co-catalyst. The solution was purged with Argon for 
5min. 660 µL of Boron trifluoride ethyl etherate (1.65 mmol) was added to the solution 
dropwise by syringe. The reaction mixture was stirred under room temperature for 
approximately 1 hr.  
After the porphyrinogen had been formed, 957 mg of DDQ was added. The 
reaction mixture was gently refluxed for 1 hr. After the solution was cooled to room 
temperature, 1 equiv. of triethylamine (230 µL, 1.65 mmol) was added to neutralize the 
mixture, and the solution was evaporated to dryness. The solid product was washed by 
methanol under vacuum until the filtrate is colorless. The further purification was 
performed by column chromatography (Silica gel). After placing the product into the wet 
column, dichloromethane was used to elute the product. The H2TMP was obtained as 
purple solid after rotary evaporation. The final product was characterized by UV-vis 
(Figure 11) and 
1
H–NMR (Figure 12), matching literature reported25.  
[H2TMP] Yield = 23.5%. 
1
H-NMR (500 MHz, CDCl3) δ, ppm: -2.50 (s, 2H, NH), 1.81 
(s, 24H, ortho-CH3), 2.62 (s, 12H, para-CH3), 7.26 (s, 8H, m-ArH), 8.61 (s, 8H, β-
pyrrole). UV-vis(CHCl2) λmax/nm, 418 (Soret), 441, 513, 546, 594, 645.  
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Scheme 6. Synthesis of H2TMP(1c) 
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Figure. 11 The UV-vis spectrum of H2TMP(1c) in CH2Cl2  
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Figure. 12 The 
1
H-NMR spectrum of H2TMP(1c) in CDCl3 
 
 
 
As reported by Lindsey and co-workers
25
, the yield and rate of condensation of 
pyrrole and mesitaldehyde to form the sterically hindered H2TMP depends on a number 
of factors including the temperature, the ratios of reactant concentration, the solvent, the 
catalyst and co-catalysts. The results in literature show that 25.6% of H2TMP can be 
reached. The experimental yield of H2TMP was 23.5%. The reported procedure presented 
the most convenient method to generate a sterically encumbered porphyrin ligand with > 
95% purity.  
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2.6 Carbonyl Ruthenium(II) Porphyrin Complexes [Ru
II
(CO)Por] 
 
The metal complex of Ru
II
(CO)TMP(3c) was prepared as shown in Scheme 7, 
according to the method described by Che and co-workers
26
. 100 mg of H2TMP(1c) free 
ligand was dissolved in 50 mL of 1,2,4-trichlorobenzene in a 100 mL round bottom flask. 
Excess of triruthenium dodecacarbonyl [Ru3(CO)12] (150 mg) was added, and the 
solution was refluxed at 220 ºC for 1 hr. UV-vis spectroscopy was used to monitor the 
Soret band of the metal complex product based on literature values. The reaction mixture 
was cooled to room temperature, and product separation and purification was performed 
by column chromatography (Al2O3). 1,2,4-trichlorobenzene was removed by a large 
excess amount of hexane. Hexane dichloromethane (1:1, v/v) was then used to elute the 
product out. The brick-red solid was obtained after rotary evaporation. The 
metalloporphyrin Ru
II
(CO)TMP(3c) was characterized by UV-vis (Figure 13) and 
1
H-
NMR (Figure 14), matching literature values
26
. 
 
N
NH N
HN
+ Ru3(CO)12
N
N N
N
RuII
CO
reflux
1,2,4-trichlorobenzene
1hr
H2TMP, 1c Ru
II(CO)TMP, 3c
 
 
Scheme 7. Synthesis of Ru
II
(CO)TMP(3c) 
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Figure. 13 The UV-vis spectrum of Ru
II
(CO)TMP(3c) in CH2Cl2 
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Figure. 14 The 
1
H-NMR spectrum of Ru
II
(CO)TMP(3c) in CDCl3 
 
 
 
25 
 
In a fashion similar to the described for the generation of Ru
II
(CO)TMP, the 
electron-deficient ruthenium(II) carbonyl tetrapentafluoroporphyrin 
[Ru
II
(CO)TPFPP(2d)] was prepared as shown in Scheme 8. The free ligand 
tetrapentafluoroporphyrin [H2TPFPP(1d)] is commercially available. The electron-
deficient Ru
II
(CO)TPFPP(2d) contains more electron-withdrawing groups that needs a 
long time (12h) at high temperature (220 ˚C). The desired product RuII(CO)TPFPP(2d) 
was fully characterized by UV-vis (Figure 15) and 
1
H-NMR (Figure 16), matching the 
literature reported
26
.   
[Ru
II
(CO)TPFPP] Yield = 87%. 
1
H-NMR (500MHz, CDCl3): δ, ppm: 8.71 (s, 8H). UV-
vis (CH2Cl2) λmax/nm: 402(Soret), 524. 
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Scheme 8. Synthesis of Ru
II
(CO)TPFPP(2d) 
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Figure. 15 The UV-vis spectrum of Ru
II
(CO)TPFPP(2d) in CH2Cl2 
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Figure. 16 The 
1
H-NMR spectrum of Ru
II
(CO)TPFPP(2d) in CDCl3 
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2.7 Iron(III) Tetramesitylporphyrin Chloride [Fe
III
(Cl) TMP] (2c) 
 
The synthetic process of Fe
III
(Cl) TMP(2c) is similar to the procedure described 
for Fe
III
(Cl)TPC as shown in Scheme 9. A 100 mL two-neck round bottom flask was set 
up fitted with reflux condenser. 500 mg FeCl2 and 100 mg H2TMP were dissolved in 30 
mL of DMF. The reaction mixture was first purged with argon for 5 min then refluxed for 
1 hr. The process was monitored by UV-vis spectroscopy. 30 mL of deionized water was 
added to the round bottom flask after the reaction mixture was cooled to room 
temperature. The product was precipitated and collected by vacuum filtration. The crude 
solid was washed with 500 mL deionized water until the filtrate is clear. After the solid is 
air-dried, 20 mL of CH2Cl2 was used to dissolve the crude solid. 30 mL 3M HCl was 
added to the organic solution and the mixture was stirred for 15 min. The organic layer 
was collected and dried with anhydrous sodium sulfate. Further purification was 
performed on a wet column (Silica gel) with CH2Cl2 as eluent. Final product was fully 
characterized by UV-vis (Figure 17) and 
1
H-NMR (Figure 18), matching patterns of 
paramagnetic compounds.  
[Fe
III
(Cl)TMP] Yield = 68.2%. 
1
H-NMR (500MHz, CDCl3): δ, ppm: 82 ppm, 17 ppm, 18 
ppm. UV-vis (CH2Cl2)  λmax/nm: 378, 415, 510.  
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Scheme 9. Synthesis of Fe
III
(Cl)TMP(2c) 
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Figure. 17 The UV-vis spectra of Fe
III
(Cl)TMP(2c) in CH2Cl2 
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Figure. 18 The  
1
H-NMR spectrum of Fe
III
(Cl)TMP(2c) in CDCl3 
 
 
 
2.8 Generation of Iron(IV)-oxo Porphyrin Radical Cation (Compound I Analogs) from 
Iron(III) Porphyrin Complexes 
Iron(IV)-oxo porphyrin radical cations are observed intermediates in peroxidase 
and catalase enzymes, where they are known as Compound  I species, and the putative 
oxidizing speces in cytochrome P450 enzymes
27
, and two-electron oxo transfer oxidation 
of porphyrin-iron(III) salts gives observable iron(IV)-oxo porphyrin radical cations in 
enzymes
28
. According to the study done by Pan and co-workers
28
, as a highly reactive 
metal-oxo cation species, Compound I is known to be an excellent catalytic oxidant for 
epoxidation reactions. It is well known that the axial ligand in Compound I has a 
profound effect on its reactivity. In this study, the well-known iron(IV)-oxo porphyrin 
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radical cations with two different axial ligands (X = Cl, ClO4
-
) were synthesized with a 
new sacrificial oxidant. 
The Fe
III
(ClO4)TMP stock solution was prepared by first dissolving 10 mg 
Fe
III
(Cl)TMP in 2 mL CHCl3 and then adding 1mg AgClO4 into the solution. The AgCl 
precipitate was filtered out, and the filtrate is the desired Fe
III
(ClO4)TMP. The 
transformation was monitored by UV-vis (Figure 19).  
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Figure. 19 Time-resolve spectra of the generation of Fe
III
(ClO4)TMP(dash line) from 
Fe
III
(Cl)TMP(solid line) 
 
We generated two iron(IV)-oxo porphyrin radical cations, iron(IV)-oxo 
tetramesitylporphyrin chloride [O=Fe
IV
(Cl)TMP·
+
] and iron(IV)-oxo 
tetramesitylporphyrin perchlorate [O=Fe
IV
(ClO4)TMP·
+
], by oxidizing the corresponding 
iron(III) porphyrin salt with a mild sacrificeial oxidant [PhI(OAc)2], as shown in Scheme 
10. 1 µmol iron(III) porphyrin complex was dissolved in 2 mL of acetonitrile. 0.5 mmol 
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of PhI(OAc)2 was added to the organic solution. The formation of iron(IV)-oxo porphyrin 
radical cation was monitored by UV-vis spectroscopy, matching literature values 
reported
7
, as shown in Figure 20. Compared to the iron(III) precursors, the Compound I 
analogue species are highly characterized by a broder Q band and weaker Soret band.  
N
N N
N
FeIII
X
FeIIITMP(X)
N
N N
N
FeIV
O
X
FeIV(O)(TMP+ )(X)
X = Cl,
      ClO4
-
in CH3CN
PhI(OAc)2
 
Scheme 10. Generation of iron(IV)-oxo tetramesitylporphyrin radical cation species 
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Figure 20. UV-vis spectra of precursor iron(III) salts(dashed lines) and iron(IV)-oxo 
porphyrin radical cations (solid lines). (A) Fe
III
(Cl)TMP and oxo species 
O=Fe
IV
(Cl)TMP·
+
 in CH3CN; (B) Fe
III
(ClO4)TMP and oxo species 
O=Fe
IV
(ClO4)TMP·
+
 in CH3CN. 
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CHAPTER III 
 
 
CATALYTIC OXIDATION OF ORGANIC SULFIDES BY RUTHENIUM(II) 
CARBONYL PORPHYRIN SPECIES 
 
Ruthenium porphyrin complexes have been widely studied as a well-characterized 
catalytic system to mimic P450 enzymes
4
. The objective is to evaluate the ruthenium(II) 
porphyrin complexes for the catalytic sulfoxidation in the presence of iodobenzene 
diacetate as oxygen source.  We also tried to understand the active metal-oxo 
intermediate involved in the catalytic oxidation reactions. 
Organic sulfides are treated with ruthenium(II) porphyrin complexes in the 
presence of iodobenzene diacetate. The selective oxidation of sulfides to sulfoxides was 
carried out in CDCl3 solution by two ruthenium(II) carbonyl porphyrins as mimics of 
cytochrome P450 enzymes. The PhI(OAc)2 was chosen as the oxygen source and visible 
light (λmax = 420 nm) was used to promote the reaction rates. The sulfoxides product 
yield was determined by 
1
H-NMR and the results are summarized in Table 1. 
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Table 1. Catalytic Oxidation of Thioanisole and Substituted Thioanisole by Ru
II
(CO)Por 
in the presence of iodobenzene diacetate 
 
RuII(CO)Po
r 
Substrate Products Time to reach 100% 
Conversion 
Selectivity 
(Sulfoxide:Sulfone) 
TMP S
 
S
O
 
6 hr >95:5 
 
SF
 
SF
O
 
5 hr >95:5 
 
SCl
 
SCl
O
 
8 hr >95:5 
 
SH3CO
 
SH3CO
O
 
6 hr >95:5 
 
SH3C  
SH3C
O
 
6 hr >95:5 
TPFPP S
 
S
O
 
12 hr >95:5 
 
SF
 
SF
O
 
5 hr >95:5 
 
SCl
 
SCl
O
 
8 hr >95:5 
 
SH3CO
 
SH3CO
O
 
6 hr >95:5 
 
SH3C  
SH3C
O
 
6 hr >95:5 
Condition: A reaction solution containing thioanisole(0.5 mmol) or substituted thioanisole(0.5 mmol), 
ruthenium(II) carbonyl porphyrin catalyst(1 µmmol) was prepared in CDCl3(2 mL). Iodobenzene 
diacetate[PhI(OAc)2] (0.75 mmol) was added. The mixture was irradiated with visible light (λmax= 420 nm) 
under an inert atmosphere at 30±2ºC.  
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As shown in Table 1, ruthenium(II) porphyrin complexes show excellent 
reactivity and selectivity in the presence of iodobenzene diacetate towards oxidation of  
organic sulfides. All sulfoxidation reactions are finished within 12 hours with negligible 
amount of over-oxidation products (sulfones) formed. 
To explore the mechanism, the kinetics of oxidation of Ru
II
(CO)Por by PhI(OAc)2 
has been investigated in the absence and presence of sulfide substrates. The time-resolved 
spectra are shown in Figure 21. In Figure 21(A), in the absence of substrate, the large 
excess of PhI(OAc)2 can oxidize the Ru
II
(CO)TPFPP rapidly to the well-known 
Ru
VI
(O)2TPFPP intermediate. However, the formation of Ru
VI
(O)2TPFPP was not 
observed in the presence of substrate shown as Figure 21(B). A shift of the Soret band in 
the UV-vis spectrum of Ru
II
(CO)TPFPP is noticed as organic sulfide was added into the 
solution due to the coordination between the ruthenium and sulfide substrate.
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Figure 21. Time-resolved spectra of Ru
II
(CO)TPFPP oxidation by PhI(OAc)2 with and 
without sulfide substrate: (A) In the absence of sulfide substrate. A stock 
solution of Ru
II
(CO)TPFPP is prepared at approx. concentration of 5  10-6 
M. 30 equiv. of PhI(OAc)2 concentrated stock solution was added; (B) In the 
presence of sulfide substrate. A stock solution of Ru
II
(CO)TPFPP is prepared 
at approx. concentration of 5  10-6 M. 30 equiv. of thioanisole and 
PhI(OAc)2 stock solution was added. 
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CHAPTER IV 
 
 
COMPETITION STUDIES OF SULFOXIDATION REACTIONS 
 
 
One objective of this study is to identify the oxidants during the catalytic 
conditions with ruthenium porphyrin catalysts
5
. The well-known dioxoruthenium(VI) 
porphyrin species have been studied extensively in the past several decades. However, it 
is not necessarily the active oxidant under catalytic turnover conditions. One method to 
evaluate whether the same species of metal-oxo intermediate was active in different sets 
of conditions was by comparing the ratios of products formed under catalytic conditions 
to the ratios of the rate constants measured in direct kinetic studies. The ratios of absolute 
rate constants from direct measurements and relative rate constants from the competition 
studies should be similar if the same metal-oxo intermediate was present under the two 
sets of conditions. If the ratios were not similar, the active metal-oxo intermediates in 
both cases should be different. Therefore, the competitive sulfoxidation reactions with 
Ru
II
(CO)TMP and Ru
II
(CO)TPFPP were carried out in the presence of iodobenzene 
diacetate compared to previous studies. Table 2 contains the competition results where 
iodobenzene diacetate served as oxygen source with ruthenium(II) carbonyl porphyrin 
catalysts compared with the direct kinetic study results with trans-dioxoruthenium(VI) 
porphyrin complexes as oxidant. In this case, limited amount of sacrificial oxidant was 
used to keep the conversion under 20% in the purpose of reducing potential problems in 
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product analysis due to secondary oxidations and multiple oxidation products
12
. The 
amounts of oxidation products formed were determined by 
1
H-NMR analysis. There was 
no sulfoxidation observed when iodobenzene diacetate was alone used as oxygen source 
in the absence of ruthenium(II) carbonyl complexes.  
Table 2.  Relative Rate Constants for Ruthenium(II) Porphyrin Complexes Reactions
 
Porphyrin Substrates Method Krel
b 
TPFPP Thioanisole/p- fluorothioanisole Kinetic results 1.06 
  PhI(OAc)2
a 
0.67 
TPFPP Thioanisole/p-chlorothioanisole Kinetic results 1.41 
  PhI(OAc)2 0.31 
TPFPP Thioanisole/p-methoxythioanisole Kinetic results 1.57 
  PhI(OAc)2 0.27 
TPFPP Thioanisole/methyl p-tolyl sulfide Kinetic results 1.51 
  PhI(OAc)2 0.44 
a
 A reaction solution containing equal amounts of two substrates, e.g., thioanisole (0.5 mmol) and 
substituted thioanisole (0.5 mmol), ruthenium(II) porphyrin catalyst (1 µmol) was prepared in CDCl3 (2 
mL). Iodobenzene diacetate (PIDA) (0.4 mmol) was added, the mixture was light ( max= 420 nm) irrodated 
under an inert atmosphere at 30±2 ºC. 
b
 Relative ratios of absolute rate constants from kinetic results with 
trans-dioxoruthenium(VI) porphyrin complexes and for competitive oxidations with various carbonyl 
ruthenium(ii) porphyrin catalysts at ambient temperature. All competition ratios are averages of 2-3 
determinations with standard deviations smaller than 10% of the reported values. 
 
Table 2 clearly shows that ratios of absolute rate constants from direct kinetic 
measurement and relative rate constants from the competition studies are not similar. 
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Rates of sulfoxidation reactions toward all substituted thioanisoles are significantly faster 
than others regardless of the electronegativity of the substitute groups. Comparing the 
selectivity (krel) found in competitive sulfoxidation reactions (one oxidant presented with 
two reductants) to the ratio of absolute rate constants found in direct kinetic studies of the 
same reductants, the results from the competition studies are consistently smaller than the 
ratios of absolute rate constants found in direct kinetic studies. The differences appear to 
be small, they are statistically large. This implies that the trans-dioxoruthenium(VI) 
porphyrins are unlikely to be the sole active oxidant under turnover conditions.  
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CHAPTER V 
 
SUMMARIZATION AND CONCLUSION 
 
 
Following the literature known methods, a series of macrocyclic compounds 
including corrole and porphyrin and the corresponding iron and ruthenium complexes 
were successfully synthesized and spectroscopically characterized. All the 
spectroscopical data including UV-vis and 
1
H-NMR are consistent with literature values.  
A selective protocol has been developed for the selective oxidation of sulfide to 
sulfoxides with mild oxygen source under visible light irradiation. The catalytic oxidation 
of organic sulfides by ruthenium(II) complexes were studied. Two ruthenium porphyrin 
complexes were examined to be suitable catalysts in sulfoxidation reactions with oxygen 
source under mild conditions. Iodobenzene diacetate was found to be an excellent oxygen 
source with the ruthenium porphyrin species toward sulfide oxidations with excellent 
reactivity and selectivity. Nearly quantitative conversion and over 95% selectivity of 
sulfoxides were obtained for all substrates. 
The competition study of two-electron oxidations of para-substituted phenyl 
methyl sulfides by ruthenium(II) carbonyl porphyrin complexes in the presence of 
iodobenzene diacetate were studied. Our competitive oxidation results have implication 
for the sulfoxidation reactions catalysed by ruthenium(II) porphyrin complexes that the 
active oxidants generated with iodobenzene diacetate are not the well-known trans-
dioxoruthenium(VI) porphyrin species(Ru
VI
(O)2Por). Ru
VI
(O)2Por was formed with 
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iodobenzene diacetate as the sacrificial oxygen source in the absence of substrate, it is not 
likely the sole active intermediate. 
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